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StictionAbstract To overcome the inﬂuence of the nonlinear friction on the gimbaled servo-system of an
inertial stabilized platforms (ISPs) with DC motor direct-drive, the methods of modeling and com-
pensation of the nonlinear friction are proposed. Firstly, the inapplicability of LuGre model when
trying to interpret the backward angular displacement in the prestiction regime is observed exper-
imentally and the reason is deduced theoretically. Then, based on the dynamic model of direct-drive
ISPs, a modiﬁed LuGre model is proposed to describe the characteristic of the friction in the
prestiction regime. Furthermore, the state switch condition of the three friction regimes including
presliding, gross sliding and prestiction is presented. Finally, a composite compensation controller
including a nonlinear friction observer and a feedforward compensator based on the novel LuGre
model is designed to restrain the nonlinear friction and to improve the control precision. Experi-
mental results indicate that compared with those of the conventional proportion–integration–
differentiation (PID) control method and the PID plus LuGre model-based friction compensation
method, the dwell-time has decreased from 0.2 s to almost 0 s, the position error decreased to 86.7%
and the peak-to-peak value of position error decreased to 80% after the novel compensation con-
troller is added. It concludes that the composite compensation controller can greatly improve the
control precision of the dynamic sealed ISPs.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Inertially stabilized platforms (ISPs) are routinely used on vehi-
cles, ships, aircraft, and spacecraft for diversemissions including
aerial photography, battle reconnaissance, antenna stabiliza-
tion, and missile guidance. An ISP is a mechanism, typically
involving gimbal assemblies, for controlling the inertial orienta-
tion of its payload. A properly designed ISP precisely controls
the sensor line of sight (LOS) despite intentional maneuvers,
inadvertent motion, and additional disturbances. Although
656 Z. Zhang et al.requirements for ISPs varywidely depending on the application,
they have a common need of improving the stabilization preci-
sion. In some typical applications the precision is extremely
high. For example, the stabilization performance of ISPs in sur-
veillance and reconnaissance missions is now below 50 microra-
dians (lrad); Inter-satellite laser communication may require
1 lrad; the Hubble space telescope points at distant stars and
galaxies within a few milliarcsec, which is equivalent to looking
at a dime from 200 miles away.1
Controlling LOS entails two equally important require-
ments. The LOS must be pointed in preselected or scenario-
dependent directions toward a given target or target region
and must be held steady in inertial space along the selected ori-
entation. Although careful electromechanical design process
will usually be carried, numerous sources of torque distur-
bances such as friction, spring ﬂexure, imbalance effects, vehi-
cle motion coupling and so on can act on a real mechanism
causing excessive motion or jitter of the LOS. Unfortunately,
in typical operation state of most applications is the so-called
low-speeds and reciprocating motion state. In this situation,
friction becomes a major disturbance source and limits the
improvement of precision. To eliminate or restrain the inﬂu-
ence of friction, the accustomed method is to reduce the fric-
tion itself. But in most ISPs this method is un-adopted, to
make the situation worse, some dynamic seal arrangements
inevitably introduce additional large friction in the system.
On the other hand, due to the limit of size and weight of ISPs,
the torque of motor is usually relatively small.
Therefore, an optional manner to improve the precision is to
adopt effective friction compensation algorithms. The validity
of this method obviously depends on the friction model. Many
researchers have proposed a number of models based on differ-
ent experimental observations. Thesemodels can be divided into
static and dynamic friction models. Static friction models only
characterize the frictional behavior in the macroscopic static
and the gross sliding regimes.2–5 The main problem of these
models is the lack of description on zero angular velocity, which
will cause inaccurate compensation when the motion crosses
zero-state. The dynamic friction models focus on modeling the
frictional behavior in both the presliding regime and the gross
sliding regime,6–14 which characterize the friction in low-speed
better. On the other hand, many recent researches have been
done beneﬁtting from the advantages of the LuGre model in
the ﬁeld of servo control. A dual-observer based on the LuGre
friction model is developed to improve the performance of
trajectory tracking for gun servo system.15 To improve the
angular velocity tracking accuracy, the control scheme ofLuGre
model-based feedforward compensation is applied, which
shows better control performance than the single angular
velocity loop control.16 On the other hand, disturbance observer
(DOB) is a widely recognized control technique. DOB is capable
of fulﬁlling the fundamental objectives in the feedback system
design: robust stability and disturbance rejection.17,18 However,
the nominal model is difﬁcult to obtain with the effect of the
nonlinear friction.
Recently, a special frictional behavior is observed by Bazaei
and Moallem.19 The phenomenon shows the motor may not
stop as soon as the angular velocity vanishes and a consider-
able backward angular displacement occurs before ﬁnal stic-
tion. Bazaei and Moallem19 ﬁrstly succeeds in modeling such
phenomenon by introducing the prestiction regime. Neverthe-
less, due to the difﬁculty of parameter identiﬁcation for thefriction model, the model is limited to apply in industry control
systems.
In this article, the issues of friction modeling and compen-
sation in the angular velocity loop of ISPs are studied. At ﬁrst,
the special behavior of the prestiction regime is introduced and
the problem when using the LuGre model in characterizing
such behavior is discussed. Based on the analysis, a modiﬁed
version of LuGre model is proposed for dynamic friction com-
pensation, in which the frictional regimes are divided into the
presliding regime, the gross sliding regime and the prestiction
regime. A time-varying function is developed to characterize
the friction in the prestiction regime. The friction compensa-
tion strategy based on the proposed friction model is presented
to improve the precision of velocity tracking in the existence of
relatively larger nonlinear friction torque. The proposed fric-
tion compensation algorithm, along with the friction compen-
sation using the LuGre model and the PID control, is tested on
an experimental platform of an ISP with dynamic seal. Com-
parative experimental results are presented to illustrate the
effectiveness of the proposed friction model-based friction
compensation in practical applications.
2. Dynamic model of direct-drive ISPs
This paper deals with the direct-drive ISPs as a case study. The
system dynamic can be simpliﬁed by
J€h ¼ Kmu f
m ¼ _h
(
ð1Þ
where J is the total moment of inertia of the motor system, h the
angular position, Km the motor constant, u the applied control
signal, m the relative angular velocity and f the friction force.
To ensure the manipulated commands proportional to the
applied torque, the current closed-loop is employed in themotor
driver. Due to the fast response ability of current loop, the cur-
rent ﬂuctuation caused by the ripple torque and the back electro-
motive force can be rejected. Therefore, for simplicity of
presentation, the effect of the ripple torque and the back electro-
motive force is not explicitly considered. Furthermore, the
implementation of friction compensation in the angular velocity
servo control loop of ISPs is mainly concerned.
3. Problem formulation and modiﬁed LuGre model
For control applications, it is attractive to use a simple model
that captures the essential properties of friction. The LuGre
model contains only a few parameters and can characterize
the dynamic behavior such as presliding displacement, hyster-
esis and varying break away force. The model has passivity
properties that are useful for designing friction compensators
that give asymptotically stable closed-loop systems.6 Accord-
ing to the LuGre model, the friction force is described by
f ¼ r0zþ r1 _zþ r2m ð2Þ
_z ¼ m r0jmjz
gðmÞ ð3Þ
gðmÞ ¼ Fc þ ðFs  FcÞe mmsj j ð4Þ
where z denotes the average deﬂection of bristles, Fc the
Coulomb friction, Fs the stiction force, ms the Stribeck angular
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and r2 the viscous friction coefﬁcient.
As shown in Fig. 1(a), a large backward angular velocity can
be observed after the angular velocity reversal without any driv-
ing force. And the backward angular displacement in Fig. 1(b) is
almost 0.035, which is much larger than the torsion angle
(0.0023) under the maximum driving force with the minimum
torsion rigidity (8800 NÆm/rad) of the shaft. On the other hand,
these responses are also observed by jerking the plant around the
revolving shaft with removing the motor driver. The arguments
indicate that the behavior in the prestiction regime is not caused
by the torsion rigidity of the shaft or the transient property of the
motor driver. Bazaei and Moallem19 reported that the LuGre
model is inadequate to characterize the responses in the prestic-
tion regime with no explanation. In the following part, the
explanation is given based on comparison between the experi-
mental data and the theoretical deduction.
Based on the LuGre friction model, the following inequality
can be obtained when the system slows down freely.
fðtÞmðtÞ ¼ r
2
0jmjz2ðtÞ
gðmÞ þ r1 _z
2ðtÞ þ r0 þ r0r1jmj
gðmÞ
 
zðtÞ _zðtÞ þ r2m2ðtÞ
 r
2
0jmjz2ðtÞ
gðmÞ þ r1 _z
2ðtÞ þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r20r1jmj
gðmÞ
s
zðtÞ _zðtÞ þ r2m2ðtÞ

ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r20jmj
gðmÞ
s
zðtÞ þ ﬃﬃﬃﬃﬃr1p _zðtÞ
 !2
þ r2m2ðtÞ  0 ð5ÞFig. 1 System responses with a ramp-zero command.According to inequality (5), there are two probabilities for
the friction with non-zero angular velocity: (1) If the friction is
non-vanishing, the physical meaning of the inequality is that
the friction always hinders the movement of the system. On
the contrary, the practical system is accelerated for a while
after the velocity reversal; (2) if the friction is equal to zero,
the state of the system should not be changed without any
external force. Obviously, the results of the theoretical deduc-
tion are in contradiction with the observation, which indicate
the LuGre model is inadequate to characterize the prestiction
friction. In terms of microscopic view, the inequality indicates
that the bristle has to obey a special rule in the process of
releasing elastic energy. The process can be showed in Fig. 2.
It is totally not the same as the process of spring with a
damped oscillation.
Hence, to model the prestiction friction, a time-variant
mechanism is developed. The new model still employs the bris-
tle average deﬂection to character the behavior in prestiction
regime so that the physical meaning of the new model is consis-
tent with the LuGre model. The deﬂection can be described as:
z¼ q
r0
1q
r0
   f0
k1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k21þk22
q
ek1t sinðk2tarctanðk2=k1ÞÞ
ðf 0  ðFcsgnðmðtÞÞ f 0Þ t tsdFd  ts
2664
3775
_z¼ 0
sgnðmðtÞÞ¼
1 mðtÞ< 0
sgnðmðtÞÞ mðtÞ¼ 0
1 mðtÞ> 0
8><>:
8>>>>>><>>>>>>:
ð6Þ
q ¼ 1 mðtÞ  g
0 mðtÞ > g; Fd – 0

t 2 ½0; dFd  ð7Þ
where f0 is the friction force when the prestiction regime is trig-
gered, k1 is used to regulate the rate of variation of friction
force, k2 is used to regulate the waveform of friction force in
prestiction regime, and k1, k2 > 0. dFd is the time interval of
the bristle elastic deformation under some driving torque. It
is equal to the dwell time. t is time variable, ts is the moment
that the relationship q= 0 is satisﬁed in Eq. (7) and f 0 is the
friction force at ts. m(t
) is the angular velocity before the time
of m(t) = 0. g is a parameter that can be selected based on
experimental observation and Fd is the driving torque. Accord-
ing to Eqs. (2), (6), and (7), the friction force in prestiction
regime is determined. It should be noted that dFd is ﬂuctuated
with the driving torque. Meanwhile, the driving torque varia-
tion depends on the command into the system. Therefore,
investigation of the relationship between the dwell time and
the command is attractive from the point of view of applying
model-based friction compensation in velocity closed-loop
control. Experimental results show that an exponential func-
tion in Eq. (8) can be used to describe the relationship betweenFig. 2 Process of bristle deﬂection in free motion.
Table 1 Data of angular acceleration and dwell time.
Frequency f (2pHz) ð€hd; dFd Þ
_hd ¼ 0:052 rad  s1 _hd ¼ 0:140 rad  s1 _hd ¼ 0:262 rad  s1 _hd ¼ 0:524 rad  s1
1 (0.052, 0.714) (0.140, 0.499) (0.262, 0.339) (0.524, 0.215)
2 (0.105, 0.596) (0.279, 0.308) (0.524, 0.200) (1.047, 0.126)
3 (0.157, 0.463) (0.419, 0.239) (0.785, 0.155) (1.571, 0.092)
4 (0.209, 0.394) (0.559, 0.201) (1.047, 0.127) (2.094, 0.079)
5 (0.262, 0.360) (0.698, 0.175) (1.309, 0.108) (2.618, 0.068)
6 (0.314, 0.322) (0.838, 0.150) (1.571, 0.091) (3.141, 0.059)
7 (0.367, 0.340) (0.977, 0.140) (1.833, 0.084) (3.665, 0.052)
8 (1.117, 0.131) (2.094, 0.077) (4.189, 0.044)
9 (1.257, 0.122) (2.356, 0.071) (4.712, 0.037)
10 (1.396, 0.114) (2.618, 0.065) (5.236, 0.034)
13 (1.815, 0.101) (3.403, 0.053) (6.806, 0.027)
15 (2.094, 0.096) (3.927, 0.054) (7.853, 0.023)
17 (2.374, 0.090) (4.450, 0.049) (8.901, 0.020)
18 (2.513, 0.090) (4.712, 0.048) (9.424, 0.019)
20 (2.792, 0.083) (5.236, 0.045) (10.471, 0.018)
25 (6.545, 0.039) (13.089, 0.013)
30 (7.853, 0.035) (15.707, 0.010)
658 Z. Zhang et al.the dwell time of velocity and the angular acceleration of
command.
dFd ¼ c1ec2 j
€hd j þ c3ec4 j€hd j ð8Þ
where c1, c2, c3, c4 are the parameters to be identiﬁed; and €hd is
angular acceleration of the command.
Table 1 shows the experimental data between the dwell time
and the angular acceleration which are obtained by inputtingFig. 3 Relationship between dwell time and angular acceleration.
Fig. 4 Transition diagram of friction regime.different sine commands in angular velocity loop. Fig. 3 shows
the ﬁt curve by applying Eq. (8) to approximate the experimental
data, the identiﬁed parameters are c1 = 0.6782, c2 = 4.627,
c3 = 0.1666, c4 = 0.2923.
According to above states, the new friction model possesses
three frictional regimes including the presliding regime, the
gross sliding regime and the prestiction regime. The three
regimes may switch to each other in the sequences in Fig. 4.
If the prestiction regime is not triggered, the gross sliding
and the presliding regimes can be transformed into each other
continuously according to Eqs. (2)–(4). If the friction switches
to the prestiction regime, the friction can be determined by
Eqs. (2), (6)–(8). In conclusion, the LuGre model uses a contin-
uous time-differential equation for both the gross sliding and
the presliding regimes, whereas the proposed model switches
to the appropriate model when the friction regime is changed.
4. Application in friction compensation for angular velocity
control loop
Considering the advantages of the method of model-based fric-
tion compensation,20,21 the proposed friction model is used for
friction compensation in a velocity feedback control system as
shown in Fig. 5.Fig. 5 ISP angular velocity control system.
Fig. 6 Experimental system setup.
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According to the presented model, the compensation strategy
is composed of a feedforward compensator and a friction
observer. So the friction is compensated based on Eqs. (6)–
(8) in the prestiction regime. In the presliding and the gross
sliding regimes, the nonlinear friction observer is designed to
estimate the friction.
As the average bristle deﬂection z has to be observed to esti-
mate friction in the presliding and the gross sliding regimes, a
nonlinear friction observer is given by
f^ ¼ r0z^þ r1 _^zþ r2m
_^z ¼ m r0jmjz^
gðmÞ þ KðÞ
8><>: ð9Þ
where K(Æ) is a function to be deﬁned. And the control law is
deﬁned as
u ¼ J _md  kpe ki
Z
edt kd _eþ f^
 
Km ð10Þ
where u is the applied control signal, _md is the command of
angular velocity, e is the error.
Since the compensation rule Eq. (6) is a feedforward input,
the stability of the experimental system is not affected. Hence,
here only consider the stability of the control system with a
nonlinear friction observer. And K(Æ) can be determined by
the analysis of the Lyapunov stability.
4.2. Stability proof
Based on the closed loop system composed by Eqs. (1), (4), (9),
and (10), the following equations are obtained.
J _eþ kd _eþ kpeþ ki
R
edt ¼ r0~z r1 _~z
_~z ¼  r0jmj
gðmÞ ~z KðÞ
8><>: ð11Þ
where ez ¼ z z^ and let R edt ¼ e, then Eq. (11) can be rewrit-
ten as
ðJþ kdÞ€eþ kp _eþ kie ¼ r0~z r1 _~z ð12Þ
Deﬁning the following equation as the Lyapunov function:
Vðe; _e; ~zÞ ¼ ae2 þ 2be_eþ c _e2 þ q=2~z2 ð13Þ
with a, b, c, q> 0, ac  b2 > 0. Then,
_V ¼ 2ae_eþ 2b _e2 þ 2be€eþ 2c _e€eþ q~z _~z
¼ 2 cki þ bkp
Jþ kd  a
 
e_e 2 ckp
Jþ kd  b
 
_e2
 2bki
Jþ kd e
2  2ðbeþ c_eÞ
Jþ kd ðr0~zþ r1
_~zÞ þ q~z_~z ð14Þ
Let h0 ¼ 2ðbeþ c
_eÞ
Jþ kd and eliminate
_~z, then
_V ¼ 2h1e_e 2h2 _e2  2h3e2  h0r0~z ðh0r1  q~zÞ _~z
¼ 2h1e_e 2h2 _e2  2h3e2  h0
2r0r1
q
 ðq~z h0r1Þ r0jvj
gðvÞ ~zþ KðÞ þ
h0r0
q
 
ð15Þ
where h1 = (cki + bkp  a(J+ kd))/(J+ kd), h2 = (ckp
 b(J+ kd))/(J+ kd), h3 = bki/(J+ kd). It is not hard toselect a= b(kp
2 + ki (J+ kd))/(J+ kd)/kp and c= b(J+ kd)/
kp to ensure hi (i= 1, 2, 3) non-negative. Therefore, let
KðÞ ¼  h0r1r0jmj
gðmÞq 
h0r0
q
ð16Þ
Then
_V¼2h1e_e 2h2 _e2  2h3e2  h0
2r0r1
q
 ðq~z h0r1Þ2 r0jmj
gðmÞq< 0
ð17Þ
So it follows that the signals eðtÞ, eðtÞ and ~zðtÞ are bounded.
Moreover, the average bristle deﬂection z(t) is bounded as
well.21 Then it is not hard to conclude that zero tracking error
can be achieved along any solution of the closed-loop system,
i.e., eðtÞ ! 0; _eðtÞ ! 0 as tﬁ1.
5. Experimental validations
5.1. Experimental setup and friction parameter identiﬁcation
As shown inFig. 6(a), the experimental setup includes a host PC,
dSPACE1103 real-time operating system,motor driver, and test
apparatus of themechanical assembly.All sensors are connected
to the dSPACE1103 RS422 and ADC systems with real-time
interface. The experimental system runs on a dSPACE1103
real-time operating system based on MATLAB/Simulink at a
2000 Hz sampling rate. Fig. 6(b) shows the details of the friction
load which is composed of base, self-seal packing and test shaft.
The self-seal packing 520-P65-A21-04 is from Saint-Gobain
Omniseal 400A series. The parameter values of the experimental
system are provided in Table 2.
According to the method of estimating the static frictional
parameters in Ref.9, the feedback algorithm is applied to set-
ting the angular velocity constant at different values, so as to
get the curve as shown in Fig. 7. Angular velocity is estimated
Table 2 Parameter values of test apparatus.
Parameter Value
Armature resistance (X) 14.4
Armature inductance (H) 0.021
Back-EMF constant (NÆmÆA1) 0.697
Total inertia of motor system (kgÆm2) 0.0065
Heidenhain encoder (lrad)
RON285-18000-01-03 (Resolution)
1.36
Kistler torque sensor 9349A (Gain) (NÆmÆV1) 0.2
Maxon ADS50/5 (Gain) (AÆV1) 0.8
Diameter of test shaft (mm) 65
Fig. 7 Curve of friction vs angular velocity.
Fig. 8 Simulation responses based on identiﬁed friction parameters.
660 Z. Zhang et al.from differencing of position data. The relation between the
angular velocity and the friction force in steady-state motion
is given by:
Ff ¼ ðFs  FcÞe _h= _hsj j þ Fc
	 

signð _hÞ þ r2 _h ð18Þ
where _hs is the Stribeck Angular velocity.
Therefore, the static frictional parameters can be identiﬁed,
i.e., Fs = 0.313 NÆm, Fc = 0.313 NÆm, r2 = 0.0668 NÆmÆs/rad.
The ﬁtting curve shown in Fig. 7 indicates that the static char-
acteristic of friction introduced by self-seal packing is approx-
imated by the Coulomb plus viscous friction model. For
estimation of the rest frictional parameters, a special ramp-
zero signal is applied. Meanwhile, due to the signal ensuring
the system operating in low-angular-velocity and low-
angular-acceleration state, it is reasonable to ignore the effect
of inertial force and take current data as the friction force.
Hence, the dynamic parameters are estimated with angular
velocity and current data based on Eqs. (2)–(4); the parameters
of the prestiction can be estimated with the angular velocity
data from ﬁrst reversal to completely stopping described by
Eqs. 3, 4, 2. Based on the experimental data and the multilevel
coordinate search (MCS) global search algorithm,22 the results
of identiﬁcation are r0 = 2023.98 NÆm/rad, r1 = 4.4 NÆmÆs/
rad, k1 = 99.18 and k2 = 301.93.
With the identiﬁed frictional parameters, Fig. 8 shows the
simulation of the angular velocity and position responses
excited by a ramp-zero signal based on the LuGre model
and the proposed model. In comparison with the practical
angular velocity response, the simulation curves obtained bythe LuGre model are coincident with actual system output
before getting the maximal angular velocity. The same results
are obtained by the proposed model because it is identical with
the LuGre model in the presliding and the gross sliding
regimes. On the other hand, when external force settles down
to zero, the angular velocity curve by the LuGre model van-
ishes with a tiny ‘fake non-dissipativity phenomenon’ conﬂict-
ing with the proof in inequality (5), which has been
demonstrated caused by the numerical algorithm.23 As to the
simulation curve of the proposed model, it ﬁts the practical
angular velocity better than that by the LuGre model. As
shown in Fig. 8(b), the steady-state error by the LuGre model
is 0.349 mrad , which is signiﬁcantly larger than the error by
the proposed model (17.452 lrad). Therefore, the simulation
results validate the effectiveness of the proposed friction model
on modeling the prestiction friction.
5.2. Experimental results
For evaluation of the disturbance rejection performance, three
control strategies are employed in angular velocity control
loop of ISPs. The algorithms are the PID control, PID plus
LuGre model-based friction compensation and PID plus fric-
tion compensation based on the proposed model, respectively.
Fig. 9 Experimental results of friction compensation in angular velocity loop.
Application in prestiction friction compensation for angular velocity loop of inertially stabilized platforms 661For simplicity of presentation, these control algorithms are
named PID, LuGre compensation and the proposed method
for short. The angular-velocity-loop controller is with
kp = 0.042, ki = 3.24 and kd = 0. The parameters of friction
observer are set with q= 0.1 and b= 0.05. Applying the
technology presented in Ref.21, digital implementation of the
dynamic friction model can avoid the unstable phenomenon
at high speed with a sampling time s= 0.0005s. The sinusoidal
velocity proﬁle y(t) = 0.175 sin(t) is executed to illustrate the
improved performance using the proposed method relative to
PID and LuGre compensation.
The angular velocity response is shown in Fig. 9(a). With
zooming around the zero velocity region in Fig. 9(b), the dwell
time of angular velocity d2 is reduced from 0.2 s to 0.12 s by
using LuGre friction compensation. However, due to inaccu-
rate compensation by LuGre model, a big spike of angular
velocity response occurs; while the proposed method shows
the best tracking performance with a little ﬂuctuation and
almost without angular velocity dead zone. The ‘ﬂat-top’ phe-
nomenon of angular position response in Fig. 9(c) is consider-
ably improved by applying friction compensation. Fig. 9(d)
illustrates the angular position error. The 3r position tracking
error is signiﬁcantly reduced from 3 mrad with PID to
0.4 mrad with friction compensation. Compared with the
LuGre friction compensation, the proposed method reduces
the peak-to-peak error by 80% so that there is no big spike sig-
nal in error curve. The experimental results also demonstratethat the proposed friction model characterizes the prestiction
regime well.6. Conclusions
(1) The deﬁciency of current LuGre model when describing
the friction behavior in the prestiction regime is discussed.
(2) A novel friction model as a modiﬁed version LuGre model
is developed. Based on the proposed friction model, the
friction compensation strategy composed of a feedforward
compensator and a nonlinear friction observer is also pre-
sented with closed-loop stability proof.
(3) The proposed algorithm is also implemented on an
experimental platform of an ISP and experimentally
compared with the LuGre model-based friction compen-
sation and the PID control. Comparative experimental
results have revealed the substantially improved friction
rejection and angular velocity tracking performance of
the proposed algorithm.Acknowledgement
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